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ABSTRACT 



ISO provides a key new far-infrared window through 
which to observe the multi-wavelength spectral en- 
ergy distributions (SEDs) of quasars and active galac- 
tic nuclei (AGN). It allows us, for the first time, to 
observe a substantial fraction of the quasar popula- 
tion in the far-IR, and to obtain simultaneous, multi- 
wavelength observations from 5-200 /im. With these 
data we can study the behavior of the IR contin- 
uum in comparison with expectations from compet- 
ing thermal and non-thermal models. A key to deter- 
mining which mechanism dominates, is the measure- 
ment of the peak wavelength of the emission and the 
shape of the far-IR-mm turnover. Turnovers which 
are steeper than z/^'^ indicate thermal dust emission 
in the far-IR. 

Preliminary results from our ISO data show broad, 
fairly smooth, IR continuum emission with far-IR 
turnovers generally too steep to be explained by non- 
thermal synchrotron emission. Assuming thermal 
emission throughout leads to a wide inferred tem- 



pc] ature range ~ 50 — lOOOK. The hotter material, 
often called the AGiN component, probably origmates 
in dust close to and heated by the central source, e.g. 
the ubiquitous molecular torus. The cooler emission 
is too strong to be due purely to cool, host galaxy 
dust, and so indicates either the presence of a star- 
burst in addition to the AGN or AGN-heated dust 
covering a wider range of temperatures than present 
in the standard, optically thick torus models. 



look at quasars in this wavelength range and show- 
ing them to be strong emitters from 12-100 /im. The 
poor spatial resolution and limited wavelength range 
of IRAS restricted observations to the IR-brightest 
subsets of quasars and AGN and left open many ques- 
tions as to the range of behavior present and the emis- 
sion mechanisms responsible in the various types of 
AGN. With ISO we are now able to address some 
of these limitations by studying a large number of 
different kinds of AGN and quasars. 

We observed 72 quasars and AGN covering a full 
range of redshift and luminosity and many different 
types of SE Ds. The observati ons were made with 
ISOPHOT ( [Lemkeet al. (1996)| ) and cover 5-200 /xm 
in 8 bands, i tie status ot this project, including a 
description of the sample and global comparisons of 
our results with those of IRAS, is summarised else- 
where (Hooper et ai, this volume). Here we discuss 
our preliminary results in the context of the scientific 
questions we wish to address, with particular empha- 
sis on the high-redshift objects in the sample. 



The da ta were processed with PIA ([Gabriel et al 
(1997)D F] through the AAP level, from which custom 



scripts (originating with M. Haas & S. Mueller at 
MPIA) were used to determine source fluxes and un- 
certainties. Default vignetting values from PIA were 
applied to the chopped data, and the flux scale was 
set by FCS observations. Sk v noise estimates based 
on Herbstmeier et al. (1998) were included in the er- 
ror Dud^eU^FSFTurEIier'details of the data reduction 
please refer to Hooper et al. (this volume). 
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SPECTRAL ENERGY DISTRIBUTIONS 

(SEDs). 



1. INTRODUCTION AND ANALYSIS 



The energy output of quasars and AGN is compara- 
ble thoughout the far-IR to X-ray spectral regions, so 
studies of their emission mechanisms require observa- 
tions throughout this range. Prior to ISO, the far-IR 
continuum was observed by IRAS, providing our first 



Figure |l| shows typical examples of the SEDs of 
a radio-Toud ( upper. RLO) and radio-quiet (lower, 
RQQ) quasar ( lElvis et al. (1994)| ). Throughout the 
far-IR-ultraviolet (UV) spectral region, the SEDs are 
remarkably similar, showing the big blue bump in the 



^PIA is a joint development by the ESA Astrophysics Di- 
vision and the ISOPHOT Consortium 



optical- UV, the broad IR bump, and an inflection be- 
tween the two centered at '^ 1 ^m. The differences 
between the two radio classes are evident in the ra- 
dio region where, by definition, the RLQs are several 
orders of magnitude more luminous, and in the soft 
X-ray region where the RLQs are a factor of ~ 3 
brighter and have a harder spectrum. This latter 
difference is generally ascribed to an additional syn- 
chrotron self-Co mpton compon ent linked to the ra- 
dio emission (see Wilkes (1999) for a review of quasar 
SEDs). 
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Figure 1. Rest-frame radio-X-ray spectral energy dis- 
tributions (SEDs) for low-redshift radio-loud (upper, 
RLQ ) and radio-quiet flower. RQQ) quasars (Fig.l 
from Elvis et al. (1994\ ). These are typical examples 
of StjUs m ttie current literature. The display of vLy 
vs V highlights the energy output and the structure of 
the, SF.n 



The radio-IR SEDs of core-dominated RLQs are 
generally smooth while in both RQQs and lobe- 
dominated RLQs the far-IR cutoff is steep and does 
not extrapolate into the radio. This difference has 
resulted in the general belief that the IR emission in 
core-dominated RLQs is dominated by beamed, non- 
thermal a nd in RQQs bv thermal emission mecha- 
nisms (see Wilkes (199^) for a review). The median 
RLQ SED in~FIgures"Bp0 was generated from a com- 
bination of lobe- ana c ore-dominated RLQs. In a 
unification scenario (see Barthel (1999) for a review) 
the beamed IR component is expected to be weaker 
in lobe-dominated sources where the beam is in the 
plane of the sky. Thus it may not be surprising that 
the RLQ SED, formed by combining SEDs from the 
two radio subclasses, is similar to that of the RQQs. 
A detailed comparison of the SEDs of core- and lobe- 
dominated RLQs is required to confirm this scenario. 
Such a transition from non-thermal to thermal emis- 
sion with decreasing core-dominance is demonstrated 
in the preliminary ISOPH OT results of the E uropean 



1998); see also 



Core Program on Quasars ( Haas et al. 
this volume). 



The main questions we wish to address with our ISO 
sample are (i) to better understand the interplay be- 
tween thermal and non-thermal emission in the var- 
ious types of source (ii) to investigate the relative 
contributions of cool (galactic/starburst) and warm 



(AGN-related) dust (iii) to characterize and mea- 
sure the continua in order to constrain models (iv) 
to study the evolution of the IR SEDs. 
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Figure 2. The rest-frame SED of the low-redshift 
(z^O.0 88). RQQ PG1351 -1-640 from \Elvis et al 
(1994} with the ISO data points (open triangles) 
added. Upper; the radio-UV SED showing a steep 
(oifir > 2.9J far-IR cut-off; Lower.' the IR-optical 
SED with representative grey body (assuming (3 = 2) 
curves superposed. 



2.1. LOW REDSHIFT QUASAR: PG1351+640 

Figure shows the rest-frame SED of a low-redshift 
(z=0.0S8), RQQ PG1351-I-640. The ISO data points 
are shown as open triangles and t he remainder of the 
multi-wavelength data are from Elvis et al. (19941 . 
This SED is typical of the low-redshift RQQs in our 
sample and compares well with the low-redshift me- 
dian. The current limit on the far-IR turnover is 



afir > 2.9, too steep to be due to non-thermal syn- 
chrotron emission, for whic h afjr < 2.5 is req uired 



and a < 1 is more typical (Gear et al. (1994)). We 
thus conclude that the far-lR emission 111 this quasars 
is dominated by thermal emission from dust. 

The IR SED is smooth and indicates a wide and prob- 
ably continuous range of temperatures: 40-500K. In 
a purely thermal scenario this smooth continuum can 
be explained by a combination of cool host galaxy 
dust, warm (^ lOOK) s tarburst-related dust (e.g. 
aowan-Robinson (19951) and hot (Teff -- 800 - 



1300K) AGN-related dust (e.g. from a torus. Pier 



Table 1. The Broad-band IR luminosities of the High redshift Quasars. 

Redshift L(7-25^m)^ 'L{2-25 uraY L(2-200^m)^ # ISO det'ns 



Name 



1107+48 


3.010 


1.7E+47 


6.9E+47 


- 


2 


BR 1202-0727^ 


4.690 


1.7E+48 


8.5E+48 


8.9E+48 


3 


1407+265 


0.944 


7.5E+46 


1.2E+47 


- 


2 


1413+1143 


2.551 


8.8E+47 


1.6E+48 


2.0E+48 


7 


1718+481 


1.084 


2.7E+46 


8.2E+46 


- 


3 


HS 1946+7658 


3.030 


4.2E+47 


l.lE+48 


2.1E+48 


4 


3C422 


0.942 


7.6E+46 


1.4E+47 


- 


2 



1351+640 



0.088 



2.5E+45 



3.1E+45 



5.2E+45 



1: Luminosity over indicated bandpass, assu ming H^=50 km s ^ Mpc ^ and go=0 (erg s ^) 
2: Probably a gravitationally lensed source (|Omont et al. (1996)) 



& Krohk (1993)). Alternatively the emission could 
originate in AGN-related dust which is sufficiently 
optically thick and/or geometrically a,rra,nged (e.g. 



the warped disk model of panders et al. (1989)| or a 
patchy torus) to produce comparable emission over 
the wide range of observed temperatures. This latter 
scenario is supported by the results of van Bemmel & 
Barthel (this volume) which demonstrate that RLQs 
have significantly brighter far-IR emission than radio 
galaxies in samples which were matched so that the 
only difference should be one of orientation. 

We also note that, with these data alone, we cannot 
rule out a significant contribution from a non-thermal 
component in the mid- and near-lR. 



3. HIGH REDSHIFT QUASARS 



Our sample includes 9 quasars with redshift > 0.9. 
The 7 for which we have reliable ISO detections are 



lislied ill Table ^ aluug wiLh Llieii ledsliifLs, pielimi 
na ry ootimatoa of Dovoral broad band IR luminooitioo 



and the number of ISO detections used in this de- 
termination. The luminosities were determined via 
linear interpolation between the data points and are 
not tabulated where there were insufficient data to 



/ide useful 



^LiainLs. — The IR-band 1 



ummusi- 

-1 TVT,^„-l 



MpC 



prcfvule useiul euus 

tie s, determined aaauming //q— 50 km 3 

and (?o=0, are high, ranging from lO^^"^^ erg s~^ 

(~ 1O^^~-^^L0). For comparison, the low-redshift 

RQQ, PG1351-h640 (Table |) has luminosities ~ 10^^ 

erg s-i (~ lOi^Lo). 

The rest-frame, radio-UV SED of BR 1202-0727, 
the object with the highest luminosity, L(2-200/im) 
~ lO'^^ erg s~^, is displayed in Figure g. Our ISO 
fluxes and upper limits are shown as open trian- 
gles and our ground-based near-IR photometry, ob- 
tained at the Steward Observatory 61" telescope in 
March 19 96, as open squares. Mult iwavelength data 
are from Isaak et al. (1994) and McMahon et al. 
(19941 The median. lo-^F^reHshift. RQQ SED ( |Flvis 
et al. (1994)), normalised at ^ 2/zm, is superposed 
tor comparison. Relative to the rest-frame optical 
emission, the IR emission in this object is ~ 2 or- 
ders of magnitude stronger than is typical. This is 
a complex source. I t is a lum inous (dust ^ 10^-'^ M,?^ . 
Ohta et al. (1996)^ , double ( |Omont et al. (1996)|\ 
GO source wi th a Lva emission line companion ( 



et al. (1996)). Given its unprecendentedly strong 
mm and IR luminosities and double nature it seems 
highly likely that the source is graviationally lensed 
and so amplified by ~ xlO. However lensing can- 



not explain the unusual SED of BR 1202-0727, since 
partial lensing would boost the smaller, optical/UV 
source rather than the probably extended IR emit- 
ting region. 



Two extreme temperature grey-body curves (assum- 
ing an emissivity index, (3 — 2) are also superposed in 
Figure H (upper) for illustration. Again a wide range 
of temperature is present, 50 — lOOOK although the 
upper limits in the mid-IR prevent any constraint 
on the emission at intermediate temperatures in this 
source. In Figure (lower) an SED representing a 
ULIRG with the maximum H-band host galaxv lumi - 
nosity based on low redshift quasars (McLeod (1997)) 
is superposed. This comparison illustrates that the 
far-IR emission is comparable or in excess of that ex- 
pected from a ULIRG and far exceeds that e xpected 
from the host galaxy (see also Wilkes (1997)). 



The rest-frame, radio-UV SED of HS 1946+7658 is 
displayed in Figure 0. Our ISO fluxes and upper lim- 
its are shown as open triangles and the rem ainder of 
the multiw ave length data w ere taken from Kuhn et 
al. (1994)1 and Kuhn (1996). We also superpose grey- 



body curves (assuming dust with emissivity index, 
/3 = 2) at two extreme temperatures to illustrate the 
range of temperature present in the data. The SED of 
HS 1946+7658 is remarkably similar to the lo w red- 
shift, ROQ m edian, extending the conclusion of Kuhn 



et al. (1994) based on the optical SED for this source 
As with the low redshift RQQ PG1351+640, the IR 
continuum appears smooth. In a pure thermal sce- 
nario, this suggests the presence of dust covering a 
continuous range from ~< 80 — 500K rather than two 
distinct low and high temperature components. The 
low temperature limit is determined by the longest 
wavelength at which we have data rather than a real 
cut-off in the source. 



In summary, the broad-band IR luminosities, rang- 
ing from 10*^~''8 erg s^^ (~ 1O^^~^^L0, assuming 
BR 1202-0727 is lensed), are ^ 2 orders of magni- 
tude higher than those of Ultraluminous IR galaxies 
(ULIRGs) whose SEDs peak in the IR with luminosi - 
i^Loi (e.g. [Sanders fc Mirabel (1996)1), 



ties 



10^ 



^0 



even a llowing for the different ass umed Hubble con- 



stant ( Sanders fc Mirabel (1996)| use Ho ~ 75 km 
s~^ Mpc^-"^). In the far-IR these luminosities are 
too high to be due t o th e host galaxy. As for the 
low redshift sources ( |2.lj ), the inferred temperature 
ranges are generally too broa d to be fit bv standard , 
AGN molecular torus models (Pier & Krolik (1993)), 
which can reproduce the higher temperature emis- 
sion. Thus more complex models or a strong star- 
burst component are required to provide the lower 
temperature emission. 
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Figure 3. The rest-frame, radio-UV SED of the high- 
redshift, RQQ BR 1202-0727 including the ISO data 
points (open tri angles). The medi an SED for low 
redshift RQQs ( Elvis et al. (1994} ), normalised to 
the optical SED, is superposed for comparison. Up- 
per; grey-body curves (assuming (3=2) at two ex- 



treme temperatures are superposed Lower; the SED 
of an ULIRG is superposed, normalised to the highest 
H-band lumi nosity host galax y observed in low red- 
shift sources (jMcLeod (1997} ). 
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